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THE CHEMISTRY OF THE LENS*
ARLINGTON C. KRAUSE
Over one hundred years ago Berzelius investigated the chemis-
try of the lens. However, under the circumstances it is not sur-
prising that the lens was not studied quantitatively until over sixty
years later. From 1900 until the present time the chemical and
physiological data of the lens, particularly relating to cataract, have
accumulated rapidly. Chief interest has recently turned to the
study of the sequence of events that takes place in the lens during
growth and senescence, and during pathological changes.
The lens as a tissue is unusually interesting biologically and
chemically: first, because it is suspended in the intraocular fluid like
a culture of tissue in a nutritive medium; secondly, because it is
avascular; and thirdly, because it may be easily investigated, as no
other tissue can, by optical methods. Nevertheless, in spite of the
favorable conditions for study, and in spite of innumerable isolated
facts, knowledge concerning the lens is comparatively incomplete.
Growth. The manner of the growth of the lens plays a great
part in the understanding of its chemistry. The cavity of the
embryonic lens vesicle, which is formed from the invaginated ecto-
derm, is filled by the sagittal prolongation of the posterior cells of
the cavity. These fibers traverse the lens and form a nucleus of the
lens. The remaining single layer of anterior cells of the cavity later
forms the lens epithelium beneath the anterior capsule. By the
constant process ofgradual elongation from meridional rows of cells,
the lenticular epithelium grows out peripherally into lens fibers
arranged in concentric radiating lamellae extending from the
anterior to the posterior septa. The innermost fibers are the oldest,
and the outermost the youngest. The nuclei in the oldest fibers and
in the lenticular nucleus disappear. The growth of the outer layers
of the lenticular fibers continues into advanced life.
In contrast to other epithelial structures, the oldest of which
are exfoliated, the oldest fibers of the lens are condensed, and form
the nucleus. The fibers of the lens are long hexagonal ribbons, the
serrated edges of which are held together by a cement substance.
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Optical Methods of Investigation. The study of the lens by
means of the slit-lamp is excellently described by Vogt'36 and is too
complex to be described here. The absorption spectra of cataracts
have demonstrated no difference in relation to age'". Roentgen ray
diffraction spectra have revealed that the nucleus is an amorphous
colloid and the cortex is a partially oriented structure59. The ultra-
26 microscope has so far detected nothing of importance .
Weight. The weight and volume99 126 of the lens at various
ages and in cataractous conditions have a bearing on lenticular physi-
ology and pathology. A large number of reports of the weight of
the lens has been published9 17, 27, 28, 33, 34, 80, 81, 92, 117, 127, 143 but un-
fortunately most of the data are useless74. Jess67 74 and others21' 118
found that the weight of bovine lens increased with age. The lenses
of the same animal show a slight difference in weight. It is ques-
tionable whether the lens increases in volume after the death of
the animal54. The average weight of the immature human and
bovine cataract is generally less than that of the normal lens, and
higher than that of the mature cataract30 67. Myopic eyes30 have
heavier lenses than emmetropic50, and emmetropic heavier than
hypermetropic.
According to reports the lens increases in weight throughout
growth. In the intumescent cataractous stage it may increase in
weight, but generally, if it is a true senile cataract, the weight
decreases as a result of sclerosis of the fibers67 provided no complica-
tions occur, such as general diseases, injuries, unusual metabolic dis-
turbances of the body and localized injury to the capsule.
Inorganic Substances. The lens has been found to yield about
0.5 to 1.0 per cent ash4' 25, 33, 86, 92, 116, 142, which consists of sulphates,
phosphates, chlorides, iron, calcium, magnesium, potassium and
sodium17' 49, 85. Growing lens, particularly the cortex, contained
more potassium than the older lens, as might be expected. The
sodium chloride of the lens was about 50 per cent lower than that of
the blood108. Indian cataracts generally contained large amounts of
silica; this has not been found in European cataracts17
The presence of calcium in cataracts4' 17, 19, 116 has created much
interest because of its possible relation to the coagulation of lens
protein in the presence of radiation3 18, 19, 20, 61. The evidence so far
presented has indicated that there is no specific variation of the
amount of calcium with age4. Calcium has a tendency to be
deposited in the cataractous lens12 116, but apparently the increase of
calcium is part of the secondary process of the senile degeneration
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of the lens, as it is in any similar pathological degeneration of the
body.
In the spectroscopic examination of the ash of human cataracts
and animal lenses, sodium, potassium, magnesium, calcium, phos-
phorus, and occasionally, lithium, strontium, silicon, iron, lead, zinc,
silver, and boron were detected16.
Organic Substances. Only a few quantitative estimations of
organic substances have been attempted87 93, 108. Glucose was found
in diabetic cataracts128' 132 in 1862. The reported analyses for glu-
cose or reducing substances in the lens are varied93 108. Usually the
lens glucose, which is about 50 per cent lower than the blood glucose,
decreased with age108 and with cataract formation93, except in
diabetes. No glycogen has been detected87. The non-protein nitro-
gen and urea of the lens are usually much higher than in the
blood'08 118
Lipids. The analyses which are reported for lipids are difficult
to correlate on account of the various experimental methods used.
The lipids in the bovine and human lens have been found to
increase with age, particularly the cholesterol66 103, 143 and fats44 87.
The cortex of cataracts was found to contain more lipoids than the
nucleus and the normal lens43. In cataracts, cholesterol, fats, and
lecithin may be localized in small masses, perhaps as a result of the
autolysis of the proteins101. This localization may also be caused by
the degenerative processes which are known to be followed by lipoid
infiltration and liberation of the masked lipids. As Jess pointed out,
oxygen fixation resulting from the increase of certain unsaturated
fats may indirectly affect the glutathione of the lens which is known
to decrease in old age.
A doubly refractive substance, called myelin, has frequently been
noticed in cataracts. Hoffmann63' 64 has made a careful study of the
presence of lenticular myelin which was found sporadically in senile,
traumatic, zonular and complicated cataracts, but not in the normal
clear lens. Autolyzed normal lens showed myelin which was not
doubly refractive. However, all doubly refractive substances which
may commonly occur in the lens are not myelin, such as calcium
soaps, phosphate, and carbonate, which are associated with choles-
terol'39, and some myelins are not doubly refractive.
Immunological Reaction of Lens Proteins. In 1903 Uhlen-
huth'34 observed that the lens protein of vertebrates possessed com-
mon antigenic properties. The lens protein offish was notmarkedly
effective in the production of antibodies. Since this report the
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organ specificity of the lens protein has been repeatedly con-
firmed55 56, 57, 58, 62, 141 R6mert12' 113, 114 has attempted unsuccess-
fully to associate the formation of cataracts with specificity of the
lens protein. A few investigators have tried to determine whether
this unusual property is relative or absolute8 35, 82, 129, 130. Krusius79
has suggested that the proteins of the nucleus are responsible for
organ specificity, and the proteins of the cortex for a certain amount
of species specificity. von Szily129 believed the embryonic species
specificity developed secondarily. Burky and Woods23 reported that
alpha- and beta-crystallins are organ specific only. Thus the
immunological properties of the lens indicate that the lens proteins
are chemically similar in various vertebrates.
Influence of the Hydrogen-Ion Concentration of the Lens.
The isoelectric points107 of the lens protein are especially important,
since at this point the maximum precipitation of the protein gener-
ally occurs. The isoelectric points of albuminoid and albumin are
unknown, but that of alpha-crystallin is about pH 4.8, and beta-
crystallin about pH 6.023. It is doubtful whether the data so far
published are correct, because improper methods were used, and the
temperature, salt effect, and other factors were disregarded.
The pH of the lens diminished with the decrease of temperature
and tended to precipitate the lens proteins at their isoelectric
points14. The pH of the cortex was lower than that of the
nucleus14 5, 120. The lens became completely opaque at pH 552
because of the precipitation of alpha-crystallin96. The normal pH
of the lens at 15° was about 7.5, and was found to increase with age
and with the hypermaturity of cataracts, and to decrease with the
maturity of senile cataracts". Goldschmidt47 noted that the reduc-
tion power of lens protein decreased with decreased pH. The rela-
tion of the pH of the lens to the pH of the aqueous humor, which
increases with age120, is unknown.
In such conditions as diabetes, if the pH of the blood is decreased
by the entrance of an acid, such as carbonic acid which can diffuse
through cell membranes, the osmotically active ions in the cells are
increased, and the protein becomes osmotically inactive through the
replacement of the active carbonate ion. Consequently, acidification
with carbonic acid or other diffusible acid leads to the swelling of
the cells and to dilution of their total base content, while alkaliniza-
tion has the reverse effect. This may explain the effects of diabetes
on the refractive properties of the lens.
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Enzymes. The interest in proteolytic enzymes in relation to
cataract29' began in 1914. Goldschmidt41 suggested that the auto-
lytic enzymes of the lens cell split the proteins of the dead fiber into
small soluble molecules which could escape through the lens capsule
and later leave the eye by the canal of Schlemm. If the capsule
were opened, the enzymes of the aqueous humor would aid in the
destruction of the proteins. Paracentesis increased the number of
enzymes present in the anterior chamber. It is noteworthy that
cataracts were reported to contain more amino nitrogen than normal
lenses84. Recently, the lens was found to have a rate of autolysis
greater than that of the cornea or uvea and less than that of the
retina39. Lenticular oxidases and catalases were demonstrated by
Ahlgren5' 6 and others6' 7, 91. The cortex showed a greater oxidation
intensity than the nucleus6. The lack of lenticular dehydrogenase
for succinic acid, which was found in all other tissue, apparently
indicated that the lens oxidative processes were different from those
in other tissues. Ahlgren has followed Wieland's dehydrogenation
theory in preference to Hopkins' (cf. Goldschmidt) glutathione
and thermostable residue theory.
Protein. The lens protein perhaps plays the star role in the
etiology of cataract and for this reason it is of interest to the ophthal-
mologist. The earliest chemical study of the lens was begun in
1830 by Berzelius1", who called the lens protein globulin, because
it was found in the globe of the eye and in the crystalline lens.
Later it was called crystallin, since it came from the crystalline
lens. Following the sporadic observations of other investiga-
tors90' 92, 105, 106, 115, 135, Morner'03 systematically analyzed the lens
protein. Recently other investigators have modified his method of
preparation of the crystallins22' 23. The protein was found to con-
tain the following:
35 per cent total protein
17 per cent insoluble albuminoid
18 per cent soluble protein
6.8 per cent alpha-crystallin
11.0 per cent beta-crystallin
0.2 per cent albumin
The insoluble albuminoid was found chiefly in the nucleus, beta-
crystallin mostly in the inner part, and alpha-crystallin in the outer
part of the lens; the albumin was not localized.
5960 YALE JOURNAL OF BIOLOGY AND MEDICINE
The analyses72 77, 103 of the proteins are given in the following
table (Table I):
TABLE I
ELEMENTARY ANALYSES OF LENS PROTEIN
Constituents
Albuminoid ..................
Alpha-crystallin ..............
Beta-crystallin ................
Albumin77 ....................
Capsule77 ......................
Percent
N
16.62
16.68
17.04
17.34
14.05
Percent
S
0.87
0.68
1.34
0.92
0.84
Percent
H
6.80
6.90
6.90
6.72
7.01
Percent
C
53.12
52.83
53.56
53.68
47.08
Coag.
Temp.
50
72
63
53
Rotation
(D)
-51.50
-46.90
--43.20
-80.0°23
Jess determined the amino acids of the proteins by acid hydrol-
ysis according to the method of Fischer68 69, 70,71,72 The amino
acids isolated were as follows (Table II):
TABLE II
AMINO ACIDS FROM HYDROLYSIS OF LENS PROTEINS
Alpha- Beta-
Amino Acid crystallin crystallin Albuminoid
Glycine .......... ................. 0 0 0
Alanine ........................... 3.6 2.6 0.8
Valine ........ ................... 0.9 2.1 0.2
Leucine and isomers .......................... 5.7 2.8 5.3
Aspartic acid ............... ............ 1.2 0.4 0.5
Glutamic acid .................... ........ 3.6 2.7 4.6
Tyrosine ............................ 3.5 3.7 3.6
Proline .......... .................. 1.8 1.4 1.9
Phenylalanine ..................... ....... 5.5 4.1 4.6
Serine ......... ................... + + +
Tryptophane ............................ + + +
Cystine .......... .................. 2.3 4.9 3.1
Ammonia ............ ................ 7.1 11.4 6.0
Melanine ............ ................ 1.1 0.1 0.6
Lysine ............................ 3.83 4.6 3.87
Histidine ............ ................ 3.81 3.59 2.73
Arginine ........... ................. 8.0 7.45 10.26CHEMISTRY OF THE LENS
The absence of glycine and the amount of basic amino acids sug-
gest that these proteins are chemically related to the albumins and
not to globulins or supporting proteins, such as collagen.
The analysis of the proteins according to the method of Van
Slyke77, and of the separate amino acids by colorimetric77 methods,
is shown below (Tables III and IV):
TABLE III
NITROGEN DISTRIBUTION OF LENS PROTEINS
Albuminoid Alpha-crystallin
Nitrogen per cent percent
Amide N ............ .................... 0.77 1.70
Humin N ............. ................... 0.98 2.21
Cystine N ............. ................... 1.23 1.59
Arginine N .............. .................. 19.02 21.88
Histidine N ............... ................. 6.025.91
Lysine N ............ .................... 6.47 2.22
Amino N (filtrate) ................................ 52.09 51.18
Non-amino N (filtrate) .............................. 13.80 13.13
TABLE IV
COLORIMETRIC DETERMINATION OF AMINO ACIDS
Albuminoid Alpha-crystallin
Amino Acid per cent per cent
Cystine ........... ..................... 1.25 1.11
Tryptophane ................ ................ 0.710.85
Tyrosine ............ .................... 6.25 5.31
The quantitative chemical analysis of the lens protein for amino
acids has a bearing on the etiology of cataract. Tyrosine, phenyl-
alanine, tryptophane, and cystine are the amino acids which absorb
ultraviolet light much more than do the other amino acids75' 37.
Tyrosine and cystine, and leucine53 have a tendency to form melanins
or dark products in the presence of ultraviolet light. The rela-
tionship which these acids have to black cataracts is unknown. No
tyrosinase has been found in lens72. Light has no effect on trypto-
phane, with or without sensitizers.
Goldschmidt45 reported that the cystine and arginine decreased,
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and the histidine and lysine increased markedly with the age of the
lens. Apparently the tryptophane of the lens was unchanged dur-
ing the formation of senile cataracts77 89 in spite of the increased
formation of free amino groups84.
Albuminoid which was insoluble in water and neutral salts was
not like globulin, collagen, or keratin chemically. Alpha-crystallin
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(Schematic, modified from Jess.)
behaved like a pseudoglobulin and beta-crystallin like an euglobulin
in solutions, but they are both similar to albumins chemically, inas-
much as they lack glycine60 74. Beta-crystallin differed from the
other proteins since it contained the largest amount of sulfur. The
albumin of Morner (gamma-crystallin of Woods23) possessed the
characteristics of a true albumin. Nucleoprotein49 77 occurred in
exceedingly small amount in the lens. No mucoprotein was
detected, although it was isolated from the other structures of the
eye, such as the iris, choroid, cornea, and sclera. No keratin could
be isolated from the lens. This evidence eliminated the keratiniza-
tion of the lens as a cause of cataract.
It is interesting to note that a small amount of carbohydrate was
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found in each protein and in the capsule. The carbohydrate may
possibly be a derivative of mannose, which has been found in the
cornea, vitreous, and blood, and not a derivative of talose, which has
been demonstrated in the sclera88. The presence of carbohydrate77
in the proteins may be suggestive to the immunologist who is investi-
gating the serological properties of the lens proteins.
As shown by the accompanying chart, the lens during growth
and senescence follows the same physiological disposition as other
body tissues105. The ratio of water to protein, and soluble protein
to albuminoid, decreases constantly during the sclerosis. In the
uncomplicated senile cataract, the water and soluble protein
diminish in the same manner, but the weight of the lens also
decreases. In intumescent cataracts which may have a larger
volume than normal, other factors may enter, such as disturbed
lenticular osmotic equilibria and the question of complicated cataract.
Metabolism. The process of Goldschmidt-Hopkins applied to
the lens tells only a part of the story of the inner respiration of the
cell. It was observed that the nucleus of the lens used practically
12,122, 123 no oxygen"', . Injury of the lens or capsule increased the
oxygen consumption98' 10 and allowed substances containing sulfur
to pass into the aqueous humor. Kronfeld78, by the use of the War-
burg method, studied the gas exchange of the lens tissue and found
that the actual respiratory exchange of oxygen and carbon dioxide
of the lenticular tissue was small, in contrast to the large oxygen
consumption of the glutathione. In the process of glycolysis, the
lens tissue behaved like a young, growing tissue. Apparently part
of the carbohydrate was glycolyzed; the part which was split to
lactic acid, and oxidized to carbon dioxide, passed into the aqueous
humor. Narcotics were found to inhibit this reaction. Previously
it was shown that the aqueous humor possessed more lactic acid
than the venous blood'40 and about the same oxygen tension as the
blood52. The greater amount of lactic acid was considered to come
from the lens. Fischer" proved this to be true by estimation of
lactic acid in aphakic animals. The metabolism of the lens has been
calculated to be of about the same degree as that of red blood cells,
or about 10 per cent of that of muscle, and of a greater degree than
that of nerve.
Inner Respiration. Reis"0' 111 in 1912 discovered that the nitro-
prusside reaction for cystein was positive in the normal lens and
was less positive or completely negative in cataracts31' 66, 124, 138 (see
Table V).
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TABLE V
THE NITRO-PRUSSIDE REACTION
Type of Cataract Cortex Nucleus
Hypermature ........................ Neg. Neg.
Mature ......... ............ 67%o Neg. 98% Neg.
Immature ............. ........... 15go Neg. 85%o Neg.
10%o Neg. 15%o slightly Pos.
75%o slightly Pos.
Tumescent ........................ Pos. Slightly Pos.
Traumatic ......................... Pos. Pos.
Sclerosed66 .............................. Pos. Pos.
Later it was reported that beta-crystallin gave a strong, alpha-
crystallin a weak, and albuminoid no reaction for cystein'27. After
an elaborate study of the cystein reaction Goldschmidt established
the fact that the lens possessed an internal autoxidation system, with
glutathione as the autoxidisable constituent46, and beta-crystallin3 as
the thermostable residue42' 46 With ageing of the lens or matura-
tion of the cataract the oxygen consumption of the lens decreased
in parallel with beta-crystallin and glutathione4 "'1 The cystein
reaction has shown that the beta-crystallin was absent in hyper-
mature cataracts and practically absent in the mature. The black
cataract possessed beta-crystallin but no glutathione. The autoxida-
tion of the glutathione system was markedly affected by the pH, by
temperature, and by the presence of iron or copper'. A pH below
7.0 stopped the oxidative process in the human lens46. Evidently
ultraviolet rays and heat affected the glutathione3 73 125, but not
ultraviolet rays alone76. Oleic acid accelerated the oxidative
processes'.
The significance of the glutathione reaction in the metabolism
of the lens can not be estimated at the present time. It may be one
of the primary factors in the inner respiration of lens, and not
secondary as in other tissues, because of the unusual physiological
anatomy of the eye and of the presence of large amounts of gluta-
thione in the lens. It is known that glutathione is a stimulus to cell
growth and is more concentrated in growing cells than in static adult
tissue32. For this reason it is to be expected that this substance
would decrease in amount from the capsule to the nucleus. So far
most investigators have assumed that the loss of beta-crystallin and
glutathione is the cause of senile and other changes in the lens, and
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generally have forgotten the possibility of the reverse process.
Other factors, such as the cytochrome of Keilin, the iron pyrrole
compounds of Warburg, the influence of copper and iron on the
oxidation of cystine, and the effect of lecithin and unsaturated fats,
which influence the inner respiration, have not been studied as yet.
The Capsule. The capsule is an elastic, structureless membrane
enclosing the lens. Chemically, it is an insoluble albuminoid and
apparently is not like keratin, elastin, collagen, or any other albumi-
noid77 102, 104. The protein gave tests for a moderately large amount
of carbohydrate77. The capsule has been found to be permeable to
true aqueous solutions and to certain colloids of small molecular
weight, and especially impermeable to colloids of high molecular
weight3" 37, 87 In other words, the permeability decreased with the
increasing molecular weight of the solute. In spite of the evidence
of past investigations, L6wenstein has advocated the theory of the
formation of lenticular opacities from increased permeability of the
capsule, which was unsupported experimentally94' 95 9. Frieden-
wald36' 3 has found that the permeability of the capsules decreased
with the age of the animal, and that a slight decrease in the perme-
ability of the capsule produced cataract.
Further studies of the role that lenticular physiology plays
in the development of cataract will be of great interest to all
ophthalmologists.
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